Introduction {#Sec1}
============

Leaky-Wave Antennas (LWAs), first proposed by Hansen *et al*., through opening a narrow slot on a metal waveguide^[@CR1]^, have been widely used for many applications including radar and satellite communications, and multiplexing devices^[@CR2]^ due to their advantages of low profile, narrow beam, and low loss. The uniform (quasi-uniform) LWA and periodic-structure-based LWA are the commonly used antennas^[@CR3],[@CR4]^, and they are capable of beam scanning in forward or backward direction, but typically not broadside. In order to overcome this challenge, many efforts have been made by designing different waveguide structures at microwave^[@CR5]^ and terahertz^[@CR6]^ frequencies, such as composite right/left-handed (CRLH) transmission line^[@CR7]^, metamaterial^[@CR8]^, and spoof surface plasmon polaritons^[@CR9],[@CR10]^. These LWAs can realize continuous scanning from backward, broadside to forward by gradually tuning the operating frequency^[@CR11]^, but their 3 dB beam width is relatively large. Moreover, the beam scanning property of the LWAs at a fixed frequency has also received much attention^[@CR12],[@CR13]^, and different methods have been applied to obtain fixed-frequency continuous scanning via changing the dc bias voltage^[@CR14],[@CR15]^, showing a large scanning angel of more than 80 degrees^[@CR16]^. However, most of the LWAs generally suffer from back reflection at the end of waveguide due to the impedance matching, thus limiting the performance with respect to the radiation directivity.

Recently, an attractive and effective way to prevent the end reflection has been proposed by using one-way mode, where the time reversal symmetry were broken by an applied static magnetic field. This concept was first proposed as analogues of quantum Hall edge states in photonic crystals^[@CR17]^, and such one-way mode can only propagate in one direction and suppress backscattering^[@CR18],[@CR19]^. Afterward, different schemes for realized one-way propagation have been reported^[@CR20]--[@CR26]^. The one-way waveguide enables us to deal with the issue of the end reflection in the design of the LWA due to the absence of the backforward-propagating mode. A uniform ferrite-loaded LWA based on one-way mode has been recently proposed^[@CR27]^. It is capable of both fixed-bias frequency scanning and fixed-frequency bias scanning. However, this ideal model needs a perfect magnetic conductor, which is difficult to be realized in practice.

In this letter, we propose a LWA based on our proposed one-way yttrium-iron-garnet (YIG)-air-metal waveguide^[@CR23]^ with periodic holes in the metal layer, where static magnetic field (H~0~) is applied. The dispersion of the leaky mode supported by LWA will show the one-way feature, resulting in suppression of the backward mode. The proposed LWA shows the broad scanning angle and narrow 3 dB beam width for the continuous beam scanning by tuning the frequency. More importantly, it exhibits the continuous fixed-frequency beam scanning with broad scanning angle and narrow 3 dB beam width by varying the magnetic field.

Results {#Sec2}
=======

Dispersion properties of one-way waveguide and LWA {#Sec3}
--------------------------------------------------

In order to investigate the proposed LWA, we first analyze the dispersion property of the YIG-air-metal structure, as illustrated in Fig. [1(c)](#Fig1){ref-type="fig"}. The thickness of the air layer is denoted by *d*, and the thickness of the YIG is assumed to be semi-infinite. With the static magnetic field applied in the −*z* direction, the YIG in the waveguide is gyromagnetic anisotropic with the relative permittivity $\documentclass[12pt]{minimal}
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Then, we analyze the dispersion property of the proposed LWA, which is formed by the YIG-air-metal waveguide with periodic holes in the metal layer, as illustrated in the left panel of Fig. [2(a)](#Fig2){ref-type="fig"}. The period of the unit cell is denoted by *p*, and the width and depth of the hole are denoted by *w* and *h*, respectively. This 2D LWA can support the transverse electric (TE) mode whose electric field is polarized along the *z* direction. With respect to a practical device, a 3D LWA, see the right panel in Fig. [2(a)](#Fig2){ref-type="fig"}, is proposed with the finite width of the antenna, sandwiched by two metal slabs in the z direction. By solving the eigenfrequency problem, the dispersion relation of the LWA was calculated with FEM. Note that the performance of the LWA is strongly dependent on its structural parameters. In this work, our interest focuses on analyzing the dependence of continuous scanning property on the non-structural parameters, such as the frequency and applied magnetic field. As an example, the parameters of the periodic unit are $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=6\,{\rm{mm}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h=1\,{\rm{mm}}$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p=12\,{\rm{mm}}$$\end{document}$, respectively.Figure 2(**a**) Schematic of the 2D (the left panel) and 3D (the right panel) LWA with antenna width of *L* composed by a metallic periodic structure, an air layer, and a substrate with YIG material under an external magnetic field H~0~. The cell number for the structure with the period of *p* is *N*, and the width and depth of the holes are *w* and *h*, respectively. The thickness of the air layer between the periodic structure and YIG is *d*. (**b**) Dispersion relation of the LWA. The solid and dashed lines represent the leaky mode and guided mode, respectively. Circles represent the results for the 3D LWA. The middle shaded area indicates the one-way region for the waveguide, and the dot-dashed lines represent the light lines. The inset shows the electric field distribution at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta =0$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\rm{H}}}_{0}=1785\,{\rm{G}}$$\end{document}$. (**c**) The loss for the leaky mode versus the frequency.

Figure [2(b)](#Fig2){ref-type="fig"} shows the dispersion relation of the leaky mode (the solid line) and guiding mode (the dashed lines) of LWA when $\documentclass[12pt]{minimal}
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Frequency scanning LWA {#Sec4}
----------------------

To verify the continuous frequency scanning feature of the LWA, we calculate the electric field distributions and far-field radiation patterns by the full-wave simulation. In the simulation, wave is first coupled into the YIG-air-metal waveguide at its left side, see Fig. [2(a)](#Fig2){ref-type="fig"}, and when it travels forward within the waveguide, it gradually radiates to the free space through the periodic holes, and the residual wave exits at the right side. The number of the periodic hole, denoted by *N*, usually needs to be sufficiently large to achieve high directivity, and here it is fixed as $\documentclass[12pt]{minimal}
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Besides, we systematically analyze the radiation pattern of LWA on different losses Δ*H*. It can be found from Fig. [3(d)](#Fig3){ref-type="fig"} that with the increase of Δ*H* from 0 to 20 G, the radiation angle almost remains unchanged and the 3 dB beam width increases slightly; meanwhile, the gain of LWA decreases from 25 dBi to 12.3 dBi. As an example, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta H=20\,{\rm{G}}$$\end{document}$. To further clearly show the guiding property of LWA, the simulated z-components of electric fields at different frequencies: *f* = 8.4, 8.64, and 9.25 GHz are displaced in Fig. [4(a--c)](#Fig4){ref-type="fig"}, respectively. Evidently, the electromagnetic wave can only propagate forward as expected when placing a line current source in the periodic structure of LWA, which is in a good agreement with the one-way property of the leaky mode in Fig. [2(b)](#Fig2){ref-type="fig"}. More importantly, the wave radiates toward different directions from backward to forward when increasing the frequency, as shown in Fig. [4](#Fig4){ref-type="fig"}. Therefore, the LWA exhibits continuous frequency-scanning from the backward to forward directions with the large scanning angle and narrow 3 dB beam width. It should be noted that in the absence of the applied magnetic field, the LWA will lose the continuous scanning property because it does not support any guided wave.

Fixed-frequency scanning LWA {#Sec5}
----------------------------

For the LWA discussed above, the value of the magnetic field is fixed at $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{H}}}_{0}=1785\,{\rm{G}}$$\end{document}$. Compared to the frequency-scanning LWA, the frequency-independent LWA is preferable for applications in modern communication systems. Here, the property of the proposed LWA strongly depends on the applied magnetic field H~0~ due to the usage of the magneto-optical material. To investigate the influence of H~0~ on the dispersion of the LWA, we calculate the dispersion relations for the leaky modes at various H~0~, as shown in Fig. [5(a)](#Fig5){ref-type="fig"}. It can be seen that the dispersion curves shift up when increasing H~0~. We emphasize that when tuning H~0~ the dispersion for the leaky mode always lie in the one-way region for the waveguide. Here we choose a fixed frequency of $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{H}}}_{0}=1934\,{\rm{G}}$$\end{document}$, *β* becomes zero, meaning that this mode can radiate at the broadside for the fixed-frequency LWA.Figure 5(**a**) Dispersion relations of the leaky mode of LWA for various H~0~. The horizontal dashed line shows the fixed frequency of *f*~0~ = 9 GHz for the LWA with continuous magnetic field scanning. (**b**) Far-field radiation patterns (gain) of the LWA with continuous magnetic field scanning. (**c**) The numerical (solid line) and analytic (circles) results of $\documentclass[12pt]{minimal}
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To verify the continuous fixed-frequency scanning feature of the LWA, the far field radiation patterns at different H~0~ values for $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{0}=9\,{\rm{GHz}}$$\end{document}$ are shown in Fig. [5(b)](#Fig5){ref-type="fig"}. It is clearly seen that the continuous scanning behavior of the LWA can be realized by tuning the magnetic field from 1650 G to 2100 G. The antenna gain is found to be maximum at $\documentclass[12pt]{minimal}
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                \begin{document}$${\phi }_{peak}$$\end{document}$ are in a good agreement with those obtained by Eq. ([3](#Equ3){ref-type=""}) for various H~0~, as seen the circles in Fig. [5(c)](#Fig5){ref-type="fig"}. The LWA has a narrow 3 dB beam width of $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{H}}}_{0}=1934\,{\rm{G}}$$\end{document}$, which is consistent with the results shown in Fig. [5(b)](#Fig5){ref-type="fig"}. Note that in our proposed LWA, *S*~21~ (dB) decreases linearly with *N* and *S*~11~ is always zero due to the suppression of the reflected waves. We also evaluate the radiation pattern for the 3D model, see the right panel of Fig. [2(a)](#Fig2){ref-type="fig"}, when we take the loss ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta H=5\,{\rm{G}}$$\end{document}$) into account. The width of 3D waveguide is 5 mm in the *z* direction. It can be observed from Fig. [6](#Fig6){ref-type="fig"} that the normalized far-field radiation patterns of 2D and 3D LWAs in the xy plane are in good agreement.Figure 6The normalized far-field radiation patterns of the 2D LWA (solid line) and 3D LWA with the waveguide width of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta H=5\,{\rm{G}}$$\end{document}$ in the xy plane. The working frequency is *f* = 9 GHz.

Table [1](#Tab1){ref-type="table"} shows the comparison of performances between the proposed one-way waveguide based LWA and several published LWAs. Liu *et al*.^[@CR7]^, and Paulotto *et al*.^[@CR11]^ reported different kinds of frequency scanning LWAs, whose maximum beam-scanning ranges are 40° and 89°, respectively. Different fixed-frequency scanning LWAs are reported in^[@CR12],[@CR14]^, whose maximum beam-scanning ranges are 21° and 104°, respectively. Compared with these LWAs, the proposed LWAs exhibit larger scanning angle (\>107°) and smaller 3 dB beam width (\<5°) for both frequency scanning and fixed-frequency scanning. Moreover, this structure is relatively easy to be realized in practice, when comparing to the previous ferrite-loaded LWA^[@CR27]^.Table 1Comparison of the proposed LWA and other published LWAs.Frequency scanning LWAFixed-frequency scanning LWARefsMaximum scanning angle3 dB angleRefsMaximum scanning angle3 dB angle^[@CR7]^40° (−20°, +20°)unknown^[@CR12]^21° (+9°, +30°)unknown^[@CR11]^89° (−42°, +47°)\>15°^[@CR14]^104° (−49°, +55°)\>15°**This work**107.8° (−51°, +56.8°)\<5°**This work**110.9° (−55°, +55.9°)\<5°143° (−70.9°, +72.1°)≤10°145.2° (−72.5°, +72.7°)≤10°

Conclusions {#Sec6}
===========

In conclusion, we have proposed a LWA based on one-way YIG-air-metal waveguide with periodic holes under a static external magnetic field. The dispersion and radiation properties of the LWA have been analyzed, showing that the leaky mode supported by the LWA exhibits one-way feature. With the aid of one-way waveguide, the radiated beam by the LWA can have narrow 3 dB beam width, while at the same time having large scanning angle. The main beam angle obtained by the full-wave simulations are confirmed by our theoretical prediction. More importantly we have realized continuous beam scanning by varying the magnetic field at a fixed frequency. Our results demonstrated here show a promising way to realize continuous angle scanning for modern communications.

Methods {#Sec7}
=======

The dispersion curves, and radiation efficiency of LWA were calculated by commercial FEM software (COMSOL). The electric field distribution and far field radiation pattern of the LWA were simulated by COMSOL. The dispersion curves of the modes in YIG-air-metal structure was calculated by Matlab.
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